In previous studies of bacterial protoplast fusion, only the frequencies of cell wall regeneration and of bacterial recombination were determined. In this work the frequency of the heterozygous fusion products is measured by prophage complementation. Two multiply marked nonsuppressing strains of Bacillus subtilu, each lysogenic for a different Sus mutant of the phage 4105, were induced by mitomycin C, protoplasted, fused, and, after dilution in hypertonic broth, incubated until plating with +105-sensitive indicator bacteria. When cell lysis was avoided, the frequency of the heterozygous fused cells could be determined from the number of infectious centers produced. The very high frequencies observed are in good agreement with those determined directly, with nonlysogenic strains, by electron microscopic examinaton of the fused protoplasts (C. FreheL A. M. Lheritier, C. Sanchez-Rivas, and P. Schaeffer, J. Bacteriol. 137:1354Bacteriol. 137: -1361Bacteriol. 137: , 1979. Evidence is presented that fusion occurs in two steps, one polyethylene glycol dependent, the other energy requiring. The bacterial growth medium affects the ability of the protoplasts to fuse and to regenerate a cell wall. When experiments using different growth media were compared, an inverse relationship between these abilities was observed, and a direct relationship appeared between the heterozygotes (corrected for wall regeneration) and the recombinant bacteria that were found.
the number of infectious centers produced. The very high frequencies observed are in good agreement with those determined directly, with nonlysogenic strains, by electron microscopic examinaton of the fused protoplasts (C. FreheL A. M. Lheritier, C. Sanchez-Rivas, and P. Schaeffer, J. Bacteriol. 137: [1354] [1355] [1356] [1357] [1358] [1359] [1360] [1361] 1979) . Evidence is presented that fusion occurs in two steps, one polyethylene glycol dependent, the other energy requiring. The bacterial growth medium affects the ability of the protoplasts to fuse and to regenerate a cell wall. When experiments using different growth media were compared, an inverse relationship between these abilities was observed, and a direct relationship appeared between the heterozygotes (corrected for wall regeneration) and the recombinant bacteria that were found.
Genetic recombinants in gram-positive bacteria are produced after polyethylene glycol (PEG)-induced fusion of bacterial protoplasts (2, 4, (6) (7) (8) 14) . The yield of observed recombinants is presumably a function not only of the efficiency of fiusion but also of that of wall regeneration and the frequency of the specific recombination required to permit growth on the selective medium employed. Thus far, only the yields of wall regenerants and recombinants have been measured. Two approaches were investigated as independent means of determining the frequency of the heterozygous fusion products. One of these, described in this paper, employs complementation between mutants of the temperate Bacillus phage 4105. The cells in which complementation was to be measured consisted of nonsuppressing (Su-) strains of Bacillus subtilis, which were lysogenized with suppressible (Sus) mutants in different cistrons of 4105. The Sus mutants used undergo both complementation and recombination during mixed infections of Su-cells. PEG-mediated fusion of the Su-lysogens, which also had been induced for prophage replication, was expected therefore to produce readily counted infectious centers (IC).
The second method of determining fusion efficiency, electron microscopic analysis of the PEG-treated protoplasts, is presented in an accompanying paper by Frehel et (16) .
Media and buffers. Difco nutrient broth used for growing bacteria, the SMM bufferin which protoplasts are made, the R medium on which protoplasts regenerate their cell wall, and the S agar medium used for the selection of prototrophic bacteria have already been described (14, 18) . It is important to note that in this work the last three media always contained 5 ug of DNase per ml. The post-PEG incubation (PPI) medium in which the PEG-treated protoplast were incubated prior to assaying for PFU consisted of SMM buffer with 0.1 volume of LB broth (10) . Plaques were assayed on overlay plates consisting of SLM top agar, Fusion experiments. Fusion experiments were performed as described (14, 15) .
Assay of heterozygous fusion products by complementation test. The growing cells in which complementation was to be assayed were first induced for prophage development by exposure for 10 min at 37°C to mitomycin C (MC; 1 ,ug/ml), and then converted to protoplasts. The cells were pelleted by centrifugation and resuspended in SMM buffer to a density of 4 x 108 bacteria per ml. After conversion to protoplasts by lysozyme treatment, they were centrifuged and resuspended in one-tenth the original volume of SMM. The mixed or unmixed suspensions were then exposed to 40% PEG 6000 for 1 min at room temperature as described (14, 15) , diluted 10-fold into PPI medium, and incubated with very gentle shaking at 37°C. At various times during post-PEG incubation, PFU were assayed by plating properly diluted samples. These dilutions were routinely made in duplicate, in SMM buffer and in distilled water. Protoplasts are lysed when the latter is used and only free phage will form plaques, whereas both IC, from the induced cells, and free phage form plaques when SMM buffer is the diluent (IC can thus be determined by difference). Dilution in SMM containing antiphage serum has also occasionally been used, mostly to check the validity of the simpler double-dilution method. The serum used, to which the protoplast suspension was exposed for 10 min at 37°C, had a K of 200 to 250, and at a dilution of 1.6 x 10-3 inactivated more than 90% of the free virions. For the plaque assays, 0.10 ml of a diluted protoplast sample and 0.10 ml of a suspension of indicator bacteria were added to 2.5 ml of melted SLM agar. Indicator bacteria were growing cells or spores from either strain M0203 sup or strain GB43 sup +3. Only recombinant wild-type phage form plaques on the former strain, but on the latter indicator IC resulting from complementation also are counted. Since complementation and recombination between the two mutant phages are equally dependent on protoplast fusion, the Su' strain generally fitted our purpose better.
RESULTS
Detection of complementation and recombination in fused protoplasts. The first question examined was whether complementation could be detected in fused protoplasts carrying different phage mutants, as it could be detected in fused mammalian cells infected with Rous sarcoma virus (17) . Since PEG-induced fusion by itself does not induce prophage development (14) , the latter had to be induced in order to produce infective centers by fusion between protoplasts from S8(0105Lsus9) [here- after called S8(sus9)] and S9(4105Bsusl4) [hereafter called S9(susl4)]. MC, an efficient inducer of 0105 replication in lysogenic bacteria, was not as effective an inducer for protoplasts of these two lysogens. Their induction prior to their conversion to protoplasts was found to be satisfactory for our purposes, however, since phage development does not seem to proceed in the hypertonic buffer in which lysozyme is applied.
Mixed and unmixed suspensions of S8(sus9) and S9(susl4) MC-induced protoplasts were exposed to PEG for 1 min, immediately diluted 10-fold into SMM buffer, and scored for PFU. No detectable PFU were produced when 4 x 106 MC-induced protoplasts of either parent alone were overlaid with Su-bacteria ( Table 2) . From the PFU produced by S8(sus9) on the sup+3 indicator cells it appears that the sus9 mutation is somewhat leaky, allowing a low level of phage production to take place in the MC-induced Suparent. This same effect was seen when exponentially growing S8(sus9) was induced by MC without subsequent conversion to protoplasts or exposure to PEG (data not shown). Exposure to PEG, presumably because of its agglutinating Effect of post-PEG incubation on fusion frequency. Earlier observations on PEG-induced fusion of fibroblasts reported by Pontecorvo and co-workers (11, 12) and observations made by Maggio et al. (9) suggested to us that the fusion process may not be completed until after the PEG concentration is decreased by dilution with fresh SMM buffer. The effect of a post-PEG incubation period on the production of PFU from fused protoplasts was therefore examined. Several hypertonic diluents and temperatures of incubation were tested, with the period of postincubation constant at 2 h. PFU fornation was greatly increased by post-PEG incubation (Table 3) , but only when the rich PPI medium was used as a diluent and when incubation took place at 370C, suggesting that cell metabolism, rather than low PEG concentration, is critical. Under those conditions, the yield of PFU after a 2-h postincubation amounted to 3 x 108 per ml, nearly eight times the yield of heterozygous fused cells previously J. BACTERIOL. determined (3) when, after PPI, fusion was maximal (since new fusions of already fused cells occur during PPI, the previously used maximum of one-fourth the total input of protoplasts may be slightly reduced). This excess of PFU suggested that the fused protoplasts had begun to lyse and to liberate free phage during the incubation. Since our goal was to detect only those PFU resulting from fusion prior to lysis, the time course ofphage liberation from fused protoplasts was examined. Two modifications were introduced in these experiments. First, to increase the stability of the protoplasts, sterile bovine serum albumin (BSA) was added at M. Gabor's suggestion to a final concentration of 0.5% to both SMM and PPI media (4, 15) . Second, to differentiate between PFU due to unlysed fused protoplasts and PFU due to free phage, duplicate samples were diluted both in distilled water, which lyses the protoplasts, and in BSA-SMM, in which protoplasts are stable. As seen in a typical experiment (Fig. 1A) , the PFU due to unlysed'protoplasts increased by a factor of 100 during the first 60 min of post-PEG incubation. At this time the PFU due to free phage was only 102 that of the total PFU. The PFU seen in the samples that were not PEG treated are presumably due to the production of 4105Lsus9, which was also noted in Table 2 .
Counting by the double-dilution method reliably differentiates between PFU due to induced and fused protoplasts and those due to free phage. This was shown by an experiment (Fig.  1B) in which addition of anti-+105 immune serum prior to plating, which neutralized free phage, did not affect the PFU from the fused protoplasts.
Effect of growth medium on fusion frequency. In an experiment in which the bacteria were grown in LB medium (containing 2 mM Mg2"), rather than in Difco nutrient broth, it was noted that a higher than usual number of PFU were produced after fusion. This prompted the experiments illustrated in Fig. 2 , in which fusion efficiency of protoplasts was shown to be dependent on the growth medium of the bacteria. In these fusion experiments the maximum numbers of IC due to the fused protoplasts was reached at 90 min of incubation. In the case of the LB broth, the total PFU due to unlysed fused protoplasts amounted to 7 x 107 at 90 min, which is reasonably close to the value of 4 x 107 found after PPI in ref. combinant formation after PEG treatment. It seemed of interest to compare the yields of prototrophic recombinants (without prophage induction) and of IC (after MC induction), using the same pair of lysogenic strains and, as closely as possible, the same experimental conditions. This has tentatively been done, using two different growth media, with the results shown in Table 4 .
IC and potential recombinant-forming units are both heterozygous fused cells and may be considered as equivalent. If the recombinants are typical of the population, in each of the experiments presented in Table 4 the number of ICs found, multiplied by the average regeneration rate, should be an estimate of the total number of potential recombinant-forming units that are expected to appear as recombinant bacteria. With both growth media the bacterial prototrophs actually found amounted to about 10% of the estimated value (not out of keeping with the fact that haploid prototrophs would constitute only 1 of some 14 possible recombinant classes generated by two crossovers). Thus, when regeneration rates are taken into account, heterozygous fusion products and bacterial recombinants appear to be directly correlated. 6 x 102 mal medium a S8 (sus9) and S9 (sus14) bacteria were both grown either in Difco nutrient broth or in liquid minimal medium. IC (counted, after 1 h ofpost-PEG incubation in PPI medium, by the double-dilution method) and prototrophic bacteria (counted after replica plating to minimal agar medium) are expressed per milliliter of PEG-treated suspension (containing 2 x 10" protoplasts from each parent).
b Mean of wall regeneration frequencies measured separately, in the absence of induction, on the two parental protoplast suspensions.
'The product of the ICs per milliliter by the mean regeneration value (recombinants that would survive on nonhypertonic medium if recombinants actually have the same probability of regenerating a wall as do average cells in the same experiment). (3) .
DISCUSSION
In the work of Frehel et al., post-PEG incubation was shown to increase the number of fusion figures visible by electron microscope, but not the number of genetic recombinants (3) . From these results, fusion was inferred to consist of a membrane activation step (the only one to require high PEG concentration), which is followed in the PPI medium, or after plating on the regeneration medium, by a temperature and time-dependent fusion step (the only one visible in the electron microscope). In the present study it was surprising to find that this second energyor metabolism-dependent step failed to occur on the phage assay plates and required a separate post-PEG incubation in liquid medium, even when hypertonic R medium had been used for plating (Fig. 1B) . A likely explanation, derived from a preliminary investigation of this phenomenon, is that the presence of indicator bacteria in the agar overlays may interfere with the completion of fusion. This possibility was suggested by the failure to generate bacterial recombinants when mixed, PEG-treated, genetically marked protoplasts were plated on wall regeneration medium together with indicator bacteria. The post-PEG incubation effect observed in this work again is compatible with the aforementioned suggestion, that PEG-induced fusion occurs in two steps (3, 9, 12) .
The present work also indicates that the medium on which the bacteria are grown affects the frequency of the fusion events (Fig. 2) . This is not surprising, since the lipid composition of bacterial membranes is known to depend on cultural conditions. One might ask whether LB broth should be substituted for the previously used nutrient broth as a growth medium for fusion experiments with B. subtilis whenever high yields of recombinants are wanted. This is uncertain because our experience (in part appearing in Table 4 ), and several lines of evidence produced by Gabor and Hotchkiss (4) , suggest that high fusion frequencies are not likely to be accompanied by high regeneration frequencies; the yield of bacterial recombinants may thus not be increased in proportion to fusion. The good direct correlation, however, appearing in Table  4 between the heterozygous fused cells and one particular class of bacterial recombinants after the former have been corrected for the regeneration rate of the population, brings further support to the conclusion of Frehel et al. (3) that no mechanism other than cell fusion needs be invoked to account for the recombinants formed when mixed protoplasts have been exposed to PEG.
In conclusion, the frequency with which PEGtreated B. subtilis protoplasts will fuse is extremely high and, as initially anticipated, can be equally well determined by direct electron microscopic examination as described by Frehel et al. (3) , and by the prophage complementation test described here.
